From the
PATIENTS with congenital intracardiac de- fects, pulmonary hypertension, and high pulmonary vascular resistance show widespread pulmonary arteriolar obstruction from medial hypertrophy and intimal proliferation.1 2 Postmortem radiograms show enlargement of the proximal pulmonary arteries but relatively few distal branches.3 Vascular channels remaining patent in such patients are often dilated.4 Dilated thin-walled vessels are found far distant in the pulmonary arterial bed,4-6 but the vascular segments involved have not been established. 6 These dilated segments have been considered to be dilated arterioles4' 6, 7 bronchopulmonary anastomoses,8 or microscopic arteriovenous (A-V) fistulas. 9 Examination of dilated vessels in pulmonary hypertension requires reconstruction of the lesion from serial sections.6 Changes in capillaries have not been emphasized; yet we have expected these vessels to be altered by the profound vascular disturbances within such lungs. Capillaries have thin walls and small diameters and are difficult to study unless they are filled by injection media, such as Berlin blue,10 India ink,"1 or barium sulfate.12 13 Study of capillaries so identified should also demonstrate vessels which supply and drain them, but we have not found reports in which special injection techniques were applied to the capillary beds of patients dying from congenital heart disease. We attempted to examine by microradiography the lungs of patients with pulmonary hypertension by injecting barium sulfate into the pulmonary arteries and capillaries. Convincing correlation of microradiograms with stained tissue sections was retarded, however, until single vessels could be visualized by both methods. To date 12 achieve adequate filling of the microcirculation. The lungs were distended with Formalin via the trachea and after 1 month were sliced on a commercial meat slicer (Horton Co.) at 1 cm thickness. The whole lung slices were then radiographed at 80 cm, 40 kv, and 50 ma (macroradiogram). To this point the technique was like that previously described.12' 13 A cube, approximately 1 by 1 by 1 cm, was then removed from the sliced lung and processed in the usual fashion for embedding in paraffin.
Sections 150 ,u thick were cut with a Spencer rotary microtome. The sections were deparaffinized in xylene, and hydrated progressively to water. They were gently floated to a 1 by 3 inch glass slide (Kodak high resolution spectroscopic plates, type 649-0) and radiographed as previously described'2 (microradiogram) with a Phillips CMR 5 Microradiograph. The same 150 It thick tissue sections were floated free, next they were placed between two pieces of ordinary memo pad paper and then between two perforated aluminum screens. The paper prevented the tissue from bulging through the mesh of the screens. The two screens were bound together gently at their edges with thread. This unit was placed in 80% alcohol for 15 minutes, and then processed by hand through alcohol, chloroform, xylene, and paraffin-a process requiring 2 hours. Flat embedding is essential if microtome sections from such thin tissue are to include representative portions of all processed material. The block was then sectioned serially at 7 ,u on the microtome. Approximately 20 satisfactory sections were obtained. After mounting, they were stained alternately with Harris' hematoxylin and Verhoeff's elastic and van Gieson stains.
Results
We have not used the term "pulmonary arteriole" because its definition varies among authorities14 and designations according to size and presence of smooth muscle are difficult where the disease process alters the normal anatomy. We have followed Naeye and Vennart6 in using the more general term "artery" to specify inflow channels. We utilize the term "precapillary" to designate the short (10 to 20 ,up), right-angle capillaries4 which connect small arteries and capillary network. This term seems justified here in that these vessels demonstrate a characteristic microradiographic appearance,'3 and they are specifically involved in the changes to be described below. (20 it) precapillary segments, and dilated (30 yt) capillaries adjacent. Other dilated vessels in the field give the microcirculation a typical knobby appearance. Histological section of these vessels ( fig. 7) shows the small artery, the dilated parallel capillary, and a short broad thin-walled channel (precapillary) connecting them. Capillaries and precapillaries are dilated to three times normal size. Other capillaries at greater distance from the artery are more nearly normal size. This adjacent parallel channel has the appearance of a "caterpillar" on a twig. Histological section of these vessels ( fig. 9 ) demonstrates that the "caterpillar" has a thin irregular wall, is near the arteriole, and communicates distally with capillaries of near normal diameter. Thus dilated thin-walled vessels occupy an intermediate position between the arteries and the pulmonary capillary bed.
A complex vascular maze ( fig. 10 ) was commonly found in patient J. M. Shown are a relatively normal capillary network, right, and greatly dilated capillaries with a vestige of a network appearance, left. Histological section of this vascular maze ( fig. 11) illustrates the relatively thick-walled arteries and the thinwalled dilated channels bulging into the airways. Figure 12 demonstrates segmental narrowing within a pulmonary artery. The microradiogram ( fig. 12) few small vessels distributing the arterial inflow to the capillaries. Microradiography showed the segmental obstruction, and histological examination confirmed the intimal proliferation within some small pulmonary arteries. Other small pulmonary arteries were patent and fed dilated and distorted precapillaries and capillaries. The dilatation lesions in this patient assumed two general forms. One we dubbed the "'capillary caterpillar" because it was found beside an arterial twig and had multiple short attachments to it. The other we called the "vascular maze." The evidence that dilated capillaries were responsible for both these lesions may be summarized as follows: (1) The dilated vessels were of irregular outline and had thin walls. (2) The dilated thin-walled vessels communicated distally with other capillaries some of which the vessel in figure 6. Verhoeff's elastic and formed dilated networks. (3) The "caterpillars" had a parrallel position close to the artery with short multiple right-angle connec- tions suggesting the arrangement of the normal capillary joined to the artery by precapillaries. (4) The "caterpillars" showed various degrees of dilation (diameters ranging from 10 to 100 ju) in different areas within the lung. (5) The network appearance within the "vascular maze" indicates the dilated remnant of interconnecting alveolar capillaries. Presumably one consequence of capillary dilation in this patient would be to assist pulmonary perfusion. An unfavorable consequence could be pulmonary hemorrhage from thinwalled dilated vessels which bulge into airways and which carry blood under high pressure.
Pulmonary A-V fistulas seem an unlikely cause of the dilated vessels since pulmonary Circulation, Volume XXXIV, December 1966 Figure 8 Microradiogram, X 400. Lung slice, 150 A thick, from J. M., age 29 years. High pulmonary arterial pressure and high pulmonary vascular resistance.
capillary networks, not pulmonary venous channels, are seen distal to the lesions.6 Bronchopulmonary anastomoses must be considered because complex anastomoses between bronchial and pulmonary arteries have been described14; bronchial arteries run parallel to pulmonary arteries; bronchial arterial supply increases in areas of focal pulmonary arterial obstructions8; and bronchial arteries were seen in the gross radiograms of patient J. M. However, the bronchial arteries we identified were small, and the dilated vessels with their thin walls and network configuration suggested that dilation of capillary channels, not bronchial pulmonary anastomoses, had occurred. Plexiform lesions have been described in irreversible pulmonary hypertension and are associated with thin-walled dilated vessels,4 which communicate distally with capillaries.6 15 As reviewed by Wagenvoort and associates,4 most Circulation, Volume XXXIV, December 1966 authorities agree that the initial portion of the plexiform lesion is found in arterioles showing intimal fibrosis and medial hypertrophy. Microradiography could provide a fresh approach to the study of the pathogenesis of these lesions.
The structure of the small pulmonary vessels may render them particularly vulnerable to the effects of sustained high pressure and flow. The pulmonary arteries are thin-walled, short, and broad. Because the capillary bed is but 10 to 20 microns distant from the arterial inflow ( fig. 4) , high pressure within pulmonary arteries could easily be transmitted to precapillaries and to the proximal capillaries. Because of the large capacity of the pulmonary capillary bed with the rich intercommunication between capillary networks, velocity of flow and pressure should decrease rapidly as inflowing blood penetrates farther and farther Figure 9 Photomicrogram, x 450. Lung slice, 7 ,u thick, showing vessels in figure 8. into the capillary bed. The precapillaries and the proximal capillary segments would then be subjected to higher pressures and flow rates than the more distal capillaries. This hypothesis is in agreement with the findings in the patients presented. Our studies do not, however, separate the relative roles of pressure and flow in dilating the microcirculation. Wagenvoort and co-workers4 indicated that high flow alone caused arteriolar dilation in patients with atrial septal defects, but he did not present data relating to capillaries. Further work is necessary to establish how the changes shown relate to increased pressure, flow, and the duration of each. The combination of microradiography with histological examination provides an additional approach to the study of such problems in pulmonary hypertension. For Figure 11 show vessels in figure 10 . Verhoeffs elastic and van have presented preliminary results visualizing the microcirculation in three patients to illustrate this technique and to raise questions which deserve further investigation. Summary Obstruction within pulmonary arteries is a well-known cause of pulmonary hypertension in patients with congenital heart disease, but dilatation of the pulmonary vessels is less well understood. The present report has shown that the technique of microradiography is well suited to the study of dilation of the pulmonary microcirculation because (1) vessels as small as capillaries are resolved, (2) whole capillary networks are seen in relation to the arteries feeding them and to the alveoli, and (3) the radiographed tissue may Figure 12 Microradiogram, X 125. Lung slice, 150 g thick, from J. M., age 29 years. Segmental arterial narrowing and distal connections to an adjacent arteriole are shown. then be sectioned and stained for direct comparison of the histological and microradiographic aspects. The present study demonstrated the technique in a case of normal lungs, one of pulmonary hypertension and a high pulmonary blood flow, and in one of pulmonary hypertension and high pulmonary vascular resistance. Dilated capillaries were demonstrated in both patients with pulmonary hypertension. Greater distortion of the microvascular pattern was seen in the patient with high vascular resistance. Correlation of radiographic and histological examination provides an additional tool for study of the normal and abnormal pulmonary circulation.
